Histone posttranslational modifications (PTMs) are key gene expression regulators, but their rapid dynamics during development remain difficult to capture. We describe an approach that images fluorescent antibody fragments to quantify PTM enrichment and active transcription at defined loci during zygotic genome activation in living zebrafish embryos. The technique reveals a drastic increase in histone H3 Lys27 acetylation (H3K27ac) before genome activation both at a specific locus and globally.
Introduction
We have previously developed FabLEM (Fab-based live endogenous modification labeling), a live-cell imaging system able to visualize transcription and histone modification dynamics using modification-specific antigen-binding fragments (Fabs) (Hayashi-Takanaka et al., 2011) . FabLEM enables monitoring both the localization and changes in the global level of histone modifications in living cells and embryos, without affecting the cell cycle or developmental processes (Hayashi-Takanaka et al., 2009; Hayashi-Takanaka et al., 2011) .
The nuclear concentration of Fabs reflects global modification levels in the nucleus because Fabs transiently bind to the target modification and freely pass through nuclear pores due to their small size (Hayashi-Takanaka et al., 2011) .
Thanks to the signal amplification provided by artificial tandem gene arrays, FabLEM has also provided live-cell kinetics of glucocorticoid-stimulated transcription activation in cultured cells (Stasevich et al., 2014a) . However, no method yet has been able to capture the dynamics of arbitrary histone modifications or the transcription machinery at a defined endogenous locus in live developing embryos. Here we demonstrate that the FabLEM principle can be applied to capture single locus dynamics in the developing zebrafish embryo.
As a proof of principle, we chose a hallmark of epigenetic changes during development, the maternal to zygotic transition. In zebrafish, the zygotic genome is kept silenced for the first several cell cycles, after which transcription is activated (Kane and Kimmel, 1993) . How this zygotic genome activation (ZGA) is regulated has been investigated for decades (Schulz and Harrison, 2018) . Because of the dynamic nature of post-translational modifications of histone proteins, the modifications are thought to play important roles in regulating transcription activation. ChIP-seq analysis using early zebrafish embryos revealed an enrichment of H3 Lys4 trimethylation (H3K4me3) in 3 promoters of developmentally-regulated genes (Lindeman et al., 2010; Vastenhouw et al., 2010) . Occupancy of those genes by H3K4me3 prior to ZGA was suggested to pre-pattern developmental gene expression (Lindeman et al., 2011) . A recent report has also shown dynamic changes of H3 Lys27 acetylation (H3K27ac) at promoters and enhancers before and after zebrafish ZGA by ChIP-seq (Zhang et al., 2018) . However, the spatiotemporal dynamics of transcription and histone modifications remain unclear because appropriate tools are lacking. Here we demonstrate that FabLEM can be applied to living zebrafish embryos in order to reveal the changes in histone modifications and active transcription during ZGA at defined loci.
Results and Discussion

Monitoring ZGA
To monitor transcription activity, we used Fabs specific for the elongating form of RNA polymerase II (RNAP2), which is phosphorylated at Ser2 in its Cterminal domain consisting of 52 repeats of the sequence Tyr-Ser-Pro-Thr-SerPro-Ser (RNAP2 Ser2ph). Fluorescently labeled Fabs specific for histone modifications and RNAP2 Ser2ph were injected into 1-cell stage embryos (Fig.   1a ). At the 4-cell stage, embryos were mounted onto a light sheet (SiMView) (Royer et al., 2016) or a confocal microscope (FV1000), and fluorescence images were collected from the 8-or 16-cell stage up to 6 hours post fertilization (hpf), during which ZGA occurs. We first examined whether the embryos injected with Fabs develop normally, as do mouse embryos (HayashiTakanaka et al., 2009; Hayashi-Takanaka et al., 2011) . Embryos injected with Fabs exhibited normal morphology during development, similarly to the controls without injection or injected with buffer alone (Supplementary Fig. 1 ), suggesting that Fabs injected under the conditions used in this study do not affect early development. When whole embryos were visualized using a SiMView light sheet microscope, Alexa488-labeled RNAP2 Ser2ph-Fabs distributed throughout the cells at the 8-cell stage, consistent with a lack of transcription ( Fig. 1b and Supplementary movie 1) . In contrast, Cy5-labeled Fabs specific for histone H3 Lys9 acetylation (H3K9ac), which is a broad euchromatin mark, were enriched in nuclei and mitotic chromosomes throughout the early developmental stages. RNAP2 Ser2ph-Fabs became 4 slightly accumulated in nuclei in few cells at 128-cell stage, and then obviously concentrated in almost all nuclei at the 512-and 1k-cell stages, during which ZGA takes place. When closely looking at the distribution of RNAP2 Ser2ph-Fabs in the latter stages, they were concentrated in two foci ( Fig. 1b; inset) . These foci were likely to contain alleles of miR-430 gene clusters on chromosome 4 (Chan et al., 2018; Giraldez et al., 2006; Hadzhiev et al., 2019; Heyn et al., 2014; Hilbert et al., 2018) . miR-430 family genes that play a role for clearance of maternal RNAs are expressed at the highest level among the early transcribed genes (Hadzhiev et al., 2019; Heyn et al., 2014) . To confirm this notion, a Cy3-labeled Morpholino oligonucleotide that targets miR-430 transcripts (Hadzhiev et al., 2019) was injected with Alexa488-labeled RNAP2 Ser2ph-Fab into living embryos ( Fig. 1c ; Supplementary movie 2). In good agreement with previous reports (Chan et al., 2018; Hadzhiev et al., 2019) , RNAP2 Ser2ph foci were co-localized with bright miR-430 Morpholino signals in living embryos, suggesting that the nuclear and local concentration of RNAP2 Ser2ph-Fab reports on transcription activity in living zebrafish embryos, even though the sensitivity may not be as high as the transcript-specific Morpholino, which binds stably to the target RNA compared to the transient binding of Fabs.
The images acquired with a SiMView feature striping artifacts are common to light sheet microscopes (Power and Huisken, 2017) . To quantify how histone modifications change during ZGA, we used a confocal microscope, which yielded a higher spatial resolution and more homogenous background.
Time-lapse analysis showed that RNAP2 Ser2ph-Fabs became gradually concentrated in nuclei during embryo development (Fig. 2a) , as observed using the light sheet microscope. To quantify the changes in modification levels, we measured the Nucleus/Cytoplasm intensity ratio (N/C ratio) (Hayashi-Takanaka et al., 2011; Stasevich et al., 2014b) . The intensity on mitotic chromosomes was often difficult to measure because of their irregular shape and weak Fab enrichments, resulting in poor image segmentation during mitosis ( Fig. 2b and Supplementary Fig. 2 ). We therefore focused on the Fab enrichments in interphase nuclei. The N/C ratio of RNAP2 Ser2ph was slightly increased at the 256-cell stage, and then became higher at the 512-and 1k-cell stages ( Fig. 2b ; Supplementary Fig. 3 ), consistently with the timing of zygotic activation (Tadros and Lipshitz, 2009 ). Again, two bright foci were observed ( Fig. 2a ; inset at 1k-cell stage). Thus, the nuclear enrichment of RNAP2 Ser2ph-Fabs likely represents the transcription level in zebrafish embryos.
5
Quantifying histone modification changes
We next systematically analyzed dynamics of relevant histone modifications. Among the various histone modifications investigated, H3K27ac exhibited the most drastic changes in the early developmental stages. Its nuclear intensity continuously increased from the 64-cell stage, earlier than RNAP2 Ser2ph ( Fig. 2a-2c ; Supplementary Fig. 3 ). Acetylation at other sites, like H3K9ac and H4 Lys16 (H4K16ac), and RNAP2 Ser5ph also increased during embryo development, but not as high as H3K27ac during the 64-to 128-cell stages. Subtle increases after the 512-cell stage were also observed for methylation at various sites, including H3 Lys4 trimethylation (H3K4me3), a mark on the transcription start site of actively transcribed gene, H3 Lys27 trimethylation (H3K27me3), a mark associated with facultative heterochromatin, and H3 Lys36 trimethylation (H3K36me3), a mark added with elongating RNAP2 ( Fig. 2c ; Supplementary Fig. 4 ). These data are largely consistent with immunofluorescence data using fixed cells (Zhang et al., 2018) , and suggest that the dynamic increase of H3K27ac may play a role in transcription activation. H3K4me3 can be a preexisting mark for the target genes (Lindeman et al., 2011; Zhang et al., 2018) but their activation may be mediated through H3K27ac accumulation. Most histone methylations, including H3K4me3, H3K27me3, H3K36me3, and H4K20me2, are gradually established after zygotic transcription ( Supplementary Fig. 4 ), which is probably associated with establishments of epigenomic states depending on cell lineage and differentiation.
Histone H3K27ac precedes transcription
To clarify the role of H3K27ac on transcription activation, we analyzed the dynamics of H3K27ac during focus formation of RNAP2 Ser2ph during earlier stages (cf. Fig. 2a , inset of the 1k-cell image). To follow the dynamics of RNAP2 Ser2ph and H3K27ac, we acquired images at a higher magnification with shorter time intervals by scanning only a small area just covering a single nucleus from the 64-cell stage. In between the 64-and 128-cell stages, H3K27ac foci appeared in nuclei around the middle of interphase, but the concentration of RNAP2 Ser2ph was hardly observed (Fig. 3b, Supplementary   Fig. 5 ). At the 256-cell stage, H3K27ac foci appeared early in the interphase, and then RNAP2 Ser2ph became concentrated around them (Fig. 3a, b) . At 512-cell stage, H3K27ac foci were detected soon after mitosis and RNAP2 Ser2ph foci appeared earlier as well. H3K27ac foci became less intense as 6 RNAP2 Ser2ph foci grew, probably due to chromatin unfolding and/or deacetylation. To confirm the co-localization of H3K27ac and RNAP2 Ser2ph, embryos injected with RNAP2 Ser2ph-Fab were fixed at the 512-cell stage and stained with anti-H3K27ac antibody (Supplementary Fig. 6 ). As seen in living cells, H3K27ac signals were closely associated with RNAP2 Ser2ph foci. These data indicated that H3K27ac becomes concentrated at miR-430 loci before transcription occurs, suggesting that this histone modification may stimulate transcription in zebrafish embryos.
To investigate the relationship between H3K27ac and transcription, we used chemical compounds to inhibit RNAP2 transcription and acetyl reader proteins. The effect of RNAP2 inhibition by α-amanitin on the H3K27ac levels and its focus formation was negligible ( Supplementary Fig. 7 ), indicating that active transcription is not required for H3K27ac accumulation. To investigate the effect of histone acetylation on transcription, we initially attempted to inhibit p300 histone acetyltransferase using its selective inhibitor C646 (Bowers et al., 2010) . Nevertheless, soaking in 10 μM C646 did not affect H3K27ac level in embryos up to 3 hr, which may be due to poor permeability. We then used bromodomain and extra-terminal motif (BET) inhibitor, JQ-1. JQ-1 treatment deters BET family proteins from binding to acetylated histones and may inhibit transcription activation. In the presence of 10 μM JQ-1, RNAP2 Ser2ph was no longer concentrated in foci and H3K27ac foci appeared to become smaller and scattered (Fig. 3c) . These results suggest that the binding of BET family proteins to H3K27ac is required for transcription activation and for enhancing H3K27 acetylation in the specific loci through a positive feedback. The pivotal role of p300 and BET family proteins in ZGA has also been demonstrated with the natural cell cycle or developmental stages. In this study, we demonstrated by Fab-based imaging that H3K27ac accumulation precedes RNAP2 activation during ZGA in living zebrafish embryos. Furthermore, even in the single nucleus, H3K27ac was concentrated prior to RNAP2 activation on miR-430 loci (Fig. 3b) . These observations, together with inhibitor assays, suggest that H3K27ac and its reader proteins stimulate RNAP2-mediated transcription during ZGA.
Conclusions
The method presented here is thus powerful to track the dynamics of RNAP2 and histone modifications during the development of living organisms. A further 7 investigation of H3K27ac and RNAP2 Ser2ph during later stages will be interesting to provide a link between chromatin modification and transcription with nuclear organization (Hilbert et al., 2018; Kaaij et al., 2018) , as RNAP2 Ser2ph distribution changes from the accumulation at two miR-430 foci to more scattered patterns. We anticipate that the method presented here, which does not involve genetically recombinant materials, can be applied to a variety of developmental processes in any model and non-model organisms.
Methods
Fabs
Fabs were prepared as previously described (Kimura and Yamagata, 2015) using mouse monoclonal antibodies specific to RNAP2 Ser2ph (CMA602/Pc26B5) (Stasevich et al., 2014) IgG. The resulting Fabs were concentrated up to ~1 mg/ml in PBS using a Microcon filter unit (Millipore) and labeled with NHS-ester of Alexa Fluor 488 (ThermoFisher), Cy3 (GE Healthcare), Cy5 (GE Healthcare), JF549 (Grimm et al., 2015) , and JF646 (Grimm et al., 2015) , as described previously (Kimura and Yamagata, 2015) . Normal mouse IgG (Jackson ImmunoResearch) was also processed to yield dye-labeled control Fab.
Morpholino for detecting miR-430
8 Morpholino antisense oligonucleotide (MO) to detect miR-430 was designed according to Hadzhiev et al. (2019) and 3'-primary amino-modified miR-430 MO (5'-TCTACCCCAACTTGATAGCACTTTC-3') was obtained from Gene tools LLC and labeled with Cy3 NHS-ester (GE Healthcare). After the conjugation for 1 h at room temperature, Cy3-labeled miR-430 was separated from unconjugated dyes using a QIAquick Nucleotide Removal Kit (QIAGEN). For collecting images using simultaneous multi-view light-sheet microscopy (Tomer et al., 2012) , injected embryos were dechorionated and embedded in 2-mm or 3-mm glass capillaries (Hilgenberg GmbH) filled with 0.9% low melting temperature agarose (Type VII, Sigma Aldrich) prepared in zebrafish system water. The fully gelled agarose cylinder was extruded from the capillary to expose the embryo to the detection system. The capillary was then mounted vertically in the recording chamber containing zebrafish system water, so that the agarose section containing the embryo was mechanically supported by the glass capillary below with the animal pole of the embryo facing the microscope's detection arm. Bi-directional scanned laser light sheets at a 488, 561, and 647 nm wavelengths were used for excitation. Fluorescence was detected using 525/50 nm band-pass, 561 nm long-pass, and 647 nm long-pass detection filters (Semrock), respectively. Imaging was performed using Nikon 16x/0.8 NA (Fig. 1b) or Zeiss 20x/1.0 NA (Fig. 1c) water immersion objectives and images were acquired with Hamamatsu Orca Flash 4.0 v2 sCMOS cameras. Time-lapse imaging was performed at a time interval of 1 min using the AutoPilot framework for automatic adaptive light-sheet adjustment. Image stacks of 197 planes encompassing the entire volume of the embryo with an axial step size of 2.031 µm were acquired for each time point. The lateral pixel sizes in the image data were 0.406 µm (Fig. 1b) or 0.325 µm (Fig. 1c) .
Visualizing zebrafish embryogenesis
For collecting images using a confocal microscope (FV1000; Olympus), injected embryos were incubated at 28˚C until 4-cell stage. The embryos were dechorionated and embedded in 0.5% agarose (Sigma Aldrich, A0701) in 0.03% sea salt with the animal pole down on a 35-mm glass bottom dish (MatTek), which was set on to a heated stage (Tokai Hit) at 28˚C. Fluorescent Images were acquired using an FV1000 (Olympus) operated by the built-in software FLUOVIEW ver.4.2 with a UPLSAPO 30x silicone oil immersion lens (NA 1.05), using 512x512 pixels, scan speed 2.0 μs pixel dwell time, zoom 1.0, and 4 μm z-interval (20-25 sections), with 488 nm (75 μW at the specimen), 543 nm (40 μW), and 633 nm (55 μW) laser lines.
Inhibitors α-amanitin (~0.5 ng in ~0.5 pl water; Merck Millipore) was injected into the embryo after injection of fluorescent probes. C646 (Calbiochem) and JQ-1 (BPS Bioscience) were added into embedding agarose at 10 μM.
Quantification of fluorescence signals
To obtain time courses of nuclear-over-cytoplasmic intensity ratios, an existent pipeline for time-resolved, single nucleus level analysis was modified and extended (Joseph et al., 2017) . In brief, the nuclear signal of the Cy5-labeled Fabs specific for histone H3 Lys9 acetylation (H3K9ac), which is a broad euchromatin mark, was used to segment and track individual nuclei during interphase. A manual review step on the basis of a graphical user interface was added to correct tracking errors. Based on single nuclei segmentation masks, the intra-nuclear and the cytoplasmic intensity was quantified using two derivative segmentation masks. The intensity data of single nuclei were exported to tabulated files that can be accessed and further analyzed using other software tools, e.g. Microsoft Excel. All image analysis procedures were implemented in MatLab, using the BioFormats Open Microscopy Environment importer bfMatlab (Goldberg et al., 2005) and are available as open source code (https://github.com/lhilbert/NucCyto_Ratio_TimeLapse). As the size of raw data (several hundreds of Gigabytes) makes permanent hosting impractical, raw data are available on request. For Fig 3b, 
